Heating and structural disordering effects of the nonlinear viscous flow in a Zr
The heat evolution of stress-induced structural disorder, ⌬H s (), of a Zr 55 Al 10 Ni 5 Cu 30 bulk metallic glass ͑BMG͒ during compressive constant ram-velocity deformation at the glass transition region (T g ϭ680 K) was deduced from in situ measurements of temperature change of the deforming sample. At the transition from the linear to nonlinear viscoelasticity, the behavior of viscosity change with strain, ͑͒, is qualitatively consistent with the enthalpy evolution of the structural disordering, ⌬H s (), but not with the temperature change, ⌬T(). It is concluded that the initial softening deformation is due to the stress-induced structural disordering. The change in the nonlinearity, Ϫlog ϵϪlog / N , is found to be proportional to the ⌬H s and the slope of ⌬H s (Ϫlog ) can be estimated to 400 J/mol, where N is the Newtonian viscosity. On the other hand, the temperature raise, ⌬T(), is pronouncedly delayed as compared with the ͑͒ and ⌬H s () at the transition, but is determined by a product of stress and plastic strain-rate, • p , and is nearly proportional to it at the steady state. The deformation of Pd-, and Zr-based metallic glasses [1] [2] [3] [4] [5] [6] [7] near the glass transition temperature, T g , has been investigated recently, and sometimes been compared with that of polymers, 8, 9 inorganic glassy materials, 10, 11 and simple glasses. 12 The transition between the steady-state Newtonian and non-Newtonian flows can be analyzed by a stretched exponent ͑␤͒ relaxation function with ␤ being nearly unity. Most significantly, the deformation behavior can be represented by a master curve in terms of the normalized viscosity and the steady-state flow stress. [5] [6] [7] The stress-induced structural disorder is thus thought to be the cause of nonNewtonian behavior. A general idea, regardless of difference in molecular structure among glassy polymers, inorganic glasses, and atomic metallic glasses, is that there exits a steady-state flow structure of a liquid corresponding to a given strain rate and stress. The non-Newtonian flow and its causing flow structure was investigated with respect to change in the specific heat in some metallic glasses. 1, 13, 14 We have observed previously evidences of the stress-induced structural disorder as indicated by changes in evolution of specific heat of some bulk metallic glasses ͑BMG͒ 13,14 experienced in the steady-state non-Newtonian flow. In the steady-state flow, the enthalpy of structural relaxation is found to scale as the nonlinearity, Ϫlog ϵϪlog / N , where and N is a current and the Newtonian viscosity, respectively. In order to illustrate the disordering mechanism during an entire deformation period, we have recently observed compressive creep deformations with direct measurements of temperature change of samples, then deduced the enthalpy evolution of stress-induced structural disordering in the softening phenomenon of a Zr 55 Al 10 Ni 5 Cu 30 BMG. 15 In this letter, we report in situ observations of the stressovershoot phenomenon and enthalpy evolution of structural disordering via direct measurements of sample temperatures during compressive constant ram-velocity deformation. We intend to illustrate the mechanisms of the softening and temperature raise, and conclude that the initial softening and associated stress overshoot is mainly due to the stressinduced structural disordering and not to the temperature raise.
For compressive tests, cylindrical samples, 3 mm in diameter and 6 mm in length, were cut from Zr 55 Al 10 Ni 5 Cu 30 BMGs. The glass transition temperature, T g , and onset of crystallization temperature, T x , were determined to be 680 and 757 K, respectively using differential scanning calorimetry ͑Perkin Elmer Pyris I͒ at a heating rate of 0.33 K/s. Compression tests were conducted by an Instron type machine with two K-thermocouples ͑one for temperature controlling and the other for direct measurement of sample temperature͒ in a purified argon atmosphere. The sample was inserted between two Al 2 O 3 /ZrO 2 composite ceramic plates in the machine, and heated to a testing temperature of 690 K at a heating rate of 0.33 K/s, then, held for 180 s for thermal equilibrium. The temperature of the deforming sample was measured with a heater switched off to avoid thermal interference from the temperature controlling events. The reference temperature of sample without deformation, T r (t), was first measured for 40 s. After that, the sample was reheated to and kept at the testing temperature for 180 s for thermal equilibrium, and then deformation test was started. Stress and strain are time-dependent values and are estimated respectively by ϭ( P/A 0 )•(1Ϫ⌬l/l 0 )ϭ( P/A 0 )•(l/l 0 ) and ϭ(⌬l/l 0 )•(1ϩ⌬l/l 0 ), where P is the applied load, A 0 is the initial sample area (ϭ7.07ϫ10 Ϫ6 m 2 ), l is the sample length, l 0 is the initial sample length (ϳ6ϫ10 Ϫ3 m), and ⌬l is the length change of sample (ϭl 0 ϪlϾ0). Therefore, strain rate, (ϭd/dt), and plastic strain rate, p (ϭ Ϫ /E: Maxwell element͒ are also time dependent in this a͒ Electronic mail: hikato@imr.edu APPLIED PHYSICS LETTERS VOLUME 83, NUMBER 26 29 DECEMBER 2003 deformation mode, where and E are stress rate and elastic modulus, respectively. Figure 1͑a͒ shows the initial strain-rate dependence of the stress-time curves obtained at initial strain-rates, 0 , of 1.0ϫ10 Ϫ2 , 2.0ϫ10 Ϫ2 , and 3.0ϫ10 Ϫ2 s Ϫ1 at Tϭ690 K. It is noted that the increase in the 0 drastically enhances the stress overshoot but affects little the steady-state flow stress, s , which approaches the coherence stress, * ϭ380 MPa. 5, 6 Figure 1͑b͒ shows the sample temperature, T(t), during deformations corresponding to Fig. 1͑a͒ . Also the T r (t) is shown in Fig. 1͑b͒ . The ⌬T(t), at the steady state ranging from 2 to 8 K is nearly proportional to the initial strain rates.
The deducing method to calculate the enthalpy evolution of the stress-induced structural disordering, ⌬H s , during the nonlinear viscoelasticity is as follows.
Taking the sample as a closed system and assuming the heat transfers only through the ceramic plates at the both ends of sample to the Instron type machine with ignoring any heat convection, and the temperature of sample being uniform due to its high thermal conductivity, we arrive at
͑1͒
and under no load, i.e., ϭ0 and d⌬H s /dtϭ0:
Combining Eqs. ͑1͒ and ͑1a͒:
where ⌬H s (J/mol) is enthalpy of the stress-induced structural disorder, • p (W/m 3 ) the product of stress and plastic strain rate, ⌬T(ϭTϪT r ) is the temperature change caused by deformation, and T i is the temperature of the Instron type machine in contact with the ceramic plates. Here the molar volume of the alloy, V គ ϭ1.1ϫ10 Ϫ5 m 3 /mol, specific heat of the glass, C p ϭ30 (J/mol K)/V គ ϭ2.7ϫ10 6 J/m 3 K, the effective thermal conductivity of the ceramic plates, D ϭ24 W/m K, and the thickness of the plates, dϭ4.7 ϫ10 Ϫ3 m. Integration of Eq. ͑2͒ yields the ⌬H s () with converting from time, t, to strain, .
The result of ⌬H s (), the corresponding ͑͒ and ⌬T() at 0 ϭ3.0ϫ10 Ϫ2 s Ϫ1 are shown in Fig. 2͑a͒ for an example. The corresponding viscosity is calculated by ϭ/3 p , where E is estimated to be 25 GPa from the slope of the stress-strain curve at strain of ϳ0.046. The together with the ⌬H s is shown in Fig. 2͑b͒ . As shown in Fig. 2͑a͒ , the increases almost elastically ͑ignoring the initial contacting process between sample surfaces and ceramic plates, Ͻϳ0.02) with increasing in the at the beginning of deformation. During this period the ⌬H s increases little. When the reaches high enough to drive structural disordering, ϳ0.03 just before the peak position, the ⌬H s , begins to increase thus it causes the to decrease drastically ͓see Fig. 2͑b͔͒ . From this moment, the viscous flow plays an important part in deformation. As the structural disordering makes the viscosity and the corresponding flow relaxation time decrease, the ͑͒ makes a peak then decreases. Even after the stress peak at ϳ0.075, the stress-induced structural disordering is still continued by high stress, therefore the and continue to decrease. At the point of inflexion in stress curve, the flow relaxation time, , of the alloy becomes Fig. 1͑a͒ . The heater switch was off just when the deformations started. The reference temperature obtained without deformation, T r , is illustrated for comparison.
FIG. 2. ͑a͒
Relationship among the compressive stress, ͑͒, temperature change, ⌬T(), and enthalpy of the structural disordering, ⌬H s () in the deformation at initial strain rates, 0 , of 3.0ϫ10 Ϫ2 s Ϫ1 , Tϭ690 K, where is compressive strain. The slope where the elastic modulus is estimated to be 25 GPa is shown at ϳ0.046. ͑b͒ Relationship between the corresponding viscosity, log (), and the ⌬H s () and ͑c͒ relationship among the ⌬T(), product of stress and plastic strain-rate, • p , and the ⌬H s ().
nearly equal to the inverse of the strain rate, Ϫ1 , then the flow reaches the steady state, i.e., , ⌬T, and ⌬H s become almost constant after small oscillations. 7 It is worth pointing out that the log () behaves as the same tendency as the ⌬H s () as shown in Fig. 2͑b͒ . On the other hand, the ⌬T() is pronouncedly delayed as compared with the evolutions of ͑͒ and ⌬H s () as shown in Figs. 2͑a͒ and 2͑b͒. To illustrate these behaviors, the viscous frictional loss, • p , which causes the temperature raise together with the rate of enthalpy evolution, ⌬Ḣ s () are shown in Fig. 2͑c͒ . During the transient period (Ͻ0.10), the ⌬Ḣ s () is comparable to the • p , i.e., the loss energy is spent almost entirely for the structural disordering, thus referred from Eq. ͑2͒, the increase in the ⌬T() is restrained. From the end of the structural change after the stress peak, Ͼϳ0.1 ͑where • p Ͼ⌬Ḣ s ), the ⌬T() begins to catch up the tendency of product, • p , and at last reaches a constant, ϳ8 K at the steadystate flow, Ͼϳ0.2. Figure 3͑a͒ shows the relationship between the ⌬T s and the power of the viscous frictional loss, s • p . In sufficiently large strain-rate region, the s reaches the * ϳ380 MPa ( ϳ0), thus the ⌬T s becomes in proportion to (ϳ p ). The slope of the fitting line can be estimated to be 5.2ϫ10
Ϫ2 (K mol/W). The enthalpy of structural disordering at the steady-state flow, ⌬H s,s , increases with increasing strain rate. The dependence of the ⌬H s,s on the corresponding nonlinearity of the three deformations is illustrated in Fig. 3͑b͒ . The slope of the fitting line, which should cross the null point, is estimated to be 400 J/mol and this value is plausible in comparison with those in previous papers. [13] [14] [15] In sufficiently large strain-rate region, the s ϳ380 MPa at Tϭ690 K, therefore, the ⌬H s,s should be in proportion to the log .
In this letter, the transition behavior from the linear to nonlinear viscoelasticity in the stress-overshoot phenomenon is successfully analyzed with observing the enthalpy evolution of structural disordering, ⌬H s , by measuring temperature change of deforming samples. It is clearly shown that there exist two effects in the nonlinear viscous flow; one is the heating effect (⌬T) and the other is the structural disordering effect (⌬H s ). As the higher the temperature, the shorter the incubation time for the ordering, i.e., crystallization in the supercooled liquid, it is fairly recognized that the nonlinear viscous flow has two effects conflicting each other on the supercooled-liquid structure. The suppression of quasicrystallization by the non-Newtonian flow was reported by Saida et al. 16 In this case, the effect of the structural disordering seems to be superior to the heating effect by the non-Newtonian flow. On the other hand, some papers claim the enhancement of crystallization by the viscous flow near T g 17 and also at room temperature. 18 In these cases, the heating effect seems to be stronger than the structural disordering. The superior or inferior between these effects are considered to be dominated by the balance between the heating power (• p ) and thermal conductivity of sample and its surroundings, and by thermal stability of the glassy structure itself. Further research on the nonlinear viscoelasticity would be very stimulating, and may bring about different methods of controlling the glassy structure and of preparing a nanostructured alloy using nanocrystallization under viscous flow of a glassy alloy as a precursor. 
